Introduction
[2] Outrunner blocks detached from the front of slowing submarine landslides have been described in some detail for Kitimat Arm in Canada [Prior et al., 1982a [Prior et al., , 1982b [Prior et al., , 1984 Johns et al., 1986] , the Nigerian sea [Nissen et al., 1999] , the Faeroe basin [Kuijpers et al., 2001; Nielsen and Kuijpers, 2004] and Finneidfjord in Norway [Longva et al., 2003; Ilstad et al., 2004] . Data indicate that blocks are typically much smaller than the original landslide, with maximum volumes of % 2.5 Â 10 5 m 3 . They exhibit an astonishing mobility, being able to travel for kilometres along gradients as low as 1 degree or even less. Kuijpers et al. [2001] and Nielsen and Kuijpers [2004] report a stunning runout of 25 km on a slope of less than one degree in the Faeroe basin. In the Faeroe and Nigeria, glide tracks are clearly visible in the backscattering data, indicating marked erosion exerted by the block on the seafloor. Nigerian glide tracks are 5 -10 metres deep and 250 m wide, the latter value matching the width of the block itself. In the other cases of Kitimat and Finneidfjord characterized by smaller blocks, only faint traces are identifiable between the terminus of the landslide and the blocks, situated 1 -2 km ahead. How did blocks acquire such remarkable mobility? And why was the erosion of the sea floor so different from case to case? Backscattering analysis of glide tracks reveals one more intriguing feature, which is particularly evident for the Faeroe and Nigerian blocks. The erosion has not been uniform along the glide track. Data shows the presence of regularly spaced grooves along the track (60 to 90 metres distance between grooves for the Faeroe and Kitimat respectively), suggestive of a periodic erosion of the seafloor.
[3] Descriptive literature on outrunner blocks is rare, probably reflecting more the difficulty in the detection of such relatively tiny seabed features, rather than intrinsic scarcity. Even more limited have been the theoretical and experimental investigations aimed at understanding block dynamics [Ilstad et al., 2004; Gauer et al., 2005] . Understanding the generation and dynamics of outrunner blocks could shed light on the problem of the extraordinary mobility of subaqueous landslides [Hampton et al., 1996; Locat and Lee, 2001; Elverhøi et al., 2000] . Purpose of the present letter is to suggest a simple model for the dynamics of outrunner blocks which could help explaining their mobility and other important features.
Hydrodynamics of Block-Water Interaction
[4] The motion of a block sliding on the sea surface is determined by gravity force, the drag and lift forces, and the resistance exerted by the sea bottom. Forces other than gravity depend on the velocity, shape, surface roughness, and block orientation. The interaction with the sea floor is also complicated by geometrical irregularities and excess pore pressure generation. To deal with a tractable model, we simplify the geometry and restrict the number of degrees of freedom allowed to block movement as follows: 1) A block of density r is shaped as a parallelepiped of width W, height H and length L and has smoothed edges. The block is not eroded and does not entrain material from the sea bottom.
2) The block does not rotate with respect to the sea floor. Due to the extreme sensitivity of drag and lift coefficients on inclination angle, however, the drag and lift coefficients will be calculated also for an inclined block.
3) The movement of the block is restricted to two dimensions. Our reference system is such that x and y denote the coordinates parallel and perpendicular to the sea bed respectively. We call U and V the velocities along x and y respectively, whereas Y is the distance between the base of the block and the seafloor. The forces acting on the block are calculated as follows.
Drag Force
[5] The drag force on the block is written as
WL where r W is water density and the drag coefficient C D (Y) is defined based on the upper block area. Because the component of the velocity V perpendicular to slope is usually small, the drag force is assumed to act only along the x direction.
Lift Force
[6] The lift force acts vertically, and arises from water dynamic pressure on the block. Lift may occur if the dynamical pressure is greater than the pressure load exerted by the block, which gives a Froude criterion for the minimum velocity [Mohrig et al., 1998 ] U > U crit = (2Dr g H cosb/r W ) 1/2 where Dr = r À r W . For a block height H = 10 m and realistic materials parameters, we find U crit % 10-15 m/s. As the block is lifted up, the pressure field becomes more equalized, which entails a decrease in the magnitude of the lift force. In addition to height, the lift force will depend in an intricate way on the block shape, on the ratio between the thickness of water layer and the boundary layer, on block rigidity, and on the orientation with respect to the seafloor. Similar to the drag force, we write the lift force as
2 WL where C L (Y) is the lift coefficient as a function of the height.
Shear Resistance With the Seafloor
[7] When lift forces are small compared to weight, the block flows grazing the sea floor. Based on experimental evidence and theoretical investigations [Mohrig et al., 1998; Ilstad et al., 2004; Batchelor, 1973; Harbitz et al., 2003; De Blasio et al., 2004] and field observations, both in subaqueous [Ilstad et al., 2004] and subaerial wet conditions, we assume that in this case a thin water corridor forms underneath the block and lubricates it, preventing direct friction with the seafloor. Lubrication of debris flows (hydroplaning) has been suggested as an explanation for the long runout of subaqueous debris flows based on laboratory results with artificial debris flows [Mohrig et al., 1998; Elverhøi et al., 2000; Ilstad et al., 2004] . However, whereas hydroplaning necessitates a critical Froude velocity to occur (which coincides with the critical velocity for lift), lubrication may act at all velocities. Lubricated flow can be suggested in many subaerial and partially submerged debris flows, where the application of Froude criteria is meaningless. Assuming a laminar flow in the water layer of thickness T underneath the block, application of lubrication theory [Batchelor, 1973] shows that the pressure in the water layer rises up to $m UL 2 T À3 J where J is the tilt angle of the block. Even for very small angles J and with reasonable choice of the parameters, this pressure may easily exceed the weight per unit surface of the block, showing that the block stays detached from the seabed also at low speed. The stress exerted on the block by the water layer is t lub % kmU/T where k is a dimensionless constant of order unity. Increase of pore water pressure during block passage may also contribute to block mobility, although this aspect is not included in the model.
Numerical Calculation of Lift and Drag Forces for a Small Block
[8] To estimate the lift coefficient of the block, we consider a 2D model of a block in motion with a velocity U parallel to the sea floor ( Figure 1a) . The block is tilted of a small angle 0 0 J 3 0 relative to the direction of motion. Using the finite element package FEMLAB, we calculate the flow around a block of thickness to length ratio H/L = 1:10 for various separation distances to the seabed. Due to computational restrictions we limit ourselves to Reynolds number based on the block length of Re = r W UL/m 10 4 where m is water viscosity. Figure 1b shows the pressure distribution around a block parallel to bed (J = 0) for water layer thickness T = H/10. The water flow below the block is laminar, and the pressure decreases linearly from the block front to the rear end. Because the computation is time-dependent, low-pressure vortices were seen to form at the top of the block, running with time toward the rear end. This case is found to be unstable, as it would make the block rotate clockwise. For stability the tilt angle must be different from zero, which is consistent with previous theoretical work [Harbitz et al., 2003] . In Figure 1c the pressure distribution is shown for the case where the block is tilted 2 degrees and the rear end is 0.02 H above the bed.
[9] The lift force on the block centre of mass is found integrating the dynamic pressure and shear forces on the surface of the block. Figure 2 shows the lift and drag coefficients as a function of the separation distance for various tilting angles. As expected, the lift force decreases with the height Y and increases with the tilting angle. The drag force also decreases with Y. This is because when the block is close to bed it impedes water flow underneath, causing a higher front pressure at the front and thus greater drag. Moreover, a thin water layer under the block leads to a Figure 1a , the block is oriented parallel to bed and the separation distance is 10% the block height. In Figure 1b , the dipping angle is a = 2 and the rear end is separated 2% the block height from the bed. The pressure is in units of 1 = 2 r w U 2 . The block is kept steady during the calculation.
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large viscous drag at the bottom of the block [Batchelor, 1973] .
Dynamics of the Gliding Block
[10] Based on the previous calculations we will assume a lift and drag force changing with height as a power-law exponential
where y L , y D give the height above sea bottom where the lift and drag force decreases by a factor e % 2.7, and m, n, a are fitting constants. For the large-scale case, we cannot expect the coefficients to be the same as for the small-scale case examined earlier, and for this reason we need to keep some freedom in their value. The equations of motion for the block along x and y become
where the n x , n y are the added mass coefficients accounting for the acceleration of ambient water displaced by the landslide, and Q(T-Y) is the Heaviside function: Q(T-Y) = 1 if T ! Y and 0 if T < Y.
[11] Figure 3 gathers the numerical results from the coupled equations (2). Figure 3 shows the vertical displacement of the block's centre of mass as a function of the coordinate x (a), the horizontal block velocity (b), and the vertical velocity (c). The block starts with an initial velocity of 30 m/s, corresponding to the hypothetical speed of the debris flow at the moment of block detachment. The process of block release from the landslide is reminiscent of the Nevado Huascaran subaerial rock avalanche, were boulders were launched at very high (200 m/s) speed [Plafker and Ericksen, 1978] . Initially the block oscillates vertically with a wavelength of the order 80 m (Figures 3a and 3c, dotted) . Because the velocity U decreases with time, oscillations are damped out (Figure 3b ). When the horizontal velocity decreases down to about 10 m/s, the lift force is no longer capable of sustaining the block, which moves grazing the seafloor. Because of lubrication, the block reaches a constant velocity and would never stop in our simulation. In the real case, there are several mechanisms that may contribute to the deceleration of the block and bring it to stop. Firstly, the mobility of the block depends on its mass. If the block looses mass by erosion, it will be affected more quickly by the drag forces and slow down significantly. Secondly, the scouring of the seabed will also contribute to resistance. The erosion rate may strongly depend on the relative strength of the block versus the seabed and could in principle be investigated by in situ measurements. In our model we have distinguished between an initial phase when the block at high speed is subject to oscillating lift force, and a second phase when the lubricated block grazes the seafloor. The solutions to equations (2) show that the wavelength of block oscillations depends on the lift parameters and on block height. With the values for parameters chosen here, we find wavelengths of the order 30-100 m. Remarkably, these values for the wavelength are comparable to the distance between the regularly spaced grooves on the glide tracks of the Nigerian and Faeroe blocks. We thus suggest that such grooves are created by the rhythmic erosion by the oscillating block. In both the Faeroe and Nigeria glide tracks, grooves are more common in the central part of the track than in the terminal fraction. This is consistent with the present model, where the block oscillates only in the early phase at high velocity. The lift force parameters entering the calculation presented in Figure 3 are important, nevertheless uncertain. An arbitrary change in the values of the lift force (thin line in Figure 3c ) changes quantitatively the results, although the structure of the solution remains the same. Unfortunately, the lift force parameters are poorly constrained at the present stage.
[12] To erode the sea bed, the block must exert a shear stress higher than a shear resistance to erosion t. The shear stress is of the order of t lub % k m U/T % 10-100 Pa with ample uncertainty of m and T. This seems to be sufficient to cause erosion (erosion starts effortlessly with a sea bed composed of non-cohesive sand, with an estimated threshold of the shear stress t % 0.5 Pa). Why are glide tracks deep in some cases (5 metres in the Faeroe and Nigeria) and shallow in others (Kitimat and Finneidfjord)? A first simple argument suggests that the potential energy available from gravitational fall of the block must be larger than the energy required creating the track, from which we a minimum block volume V min for erosion to take place V min = h 2 w/ (2 sin b) $ 2 Â 10 5 m 3 where w and h are respectively the width and depth of the groove, and the numerical values refer to the Nigerian blocks. Erosion increases with block size, which explains the tiny tracks in Finneidfjord and Kitimat, and the deep tracks in Nigeria and Faeroe. Kuijpers et al. [2001] noticed that blocks found at the terminus of a glide track in the Faeroe are elongated perpendicular to the glide track, which is suggestive of a rolling mechanism of flow. In contrast to this view, we notice that the blocks in Finneidfjord and in the Nigerian sea have the original stratigraphic sequence preserved, which demonstrates that they have not been turned upside down. To explain the observation by Kuijpers et al. [2001] , we suggest that blocks finally came to a halt when the front plunged against the sea bed, as indicated by pressure ridges at the front of the Nigerian blocks [Nissen et al., 1999] . The front might so have pivoted the block, causing the rear end to swing around and the block axis to line up almost perpendicularly to the line of flow.
[13] To conclude, we have suggested a simple model for the flow of outrunner blocks. Introducing the lift force as the dominant effect at high velocity and lubrication at lower velocity, the model aims at explaining the extraordinary mobility of blocks and the presence of regularly spaced grooves along the largest glide tracks. Although the model provides indications as to the effects at play during block flow, it is clearly an approximated one. Initial vertical accelerations in the calculation of Figure 3 are slightly less than g, implying strong differential forces acting on the block. It is unlikely that the block will respond rigidly to these forces as we have assumed, and intense deformation, erosion, and cracking certainly occur. Secondly, more data should be brought together on linear erosive features generated by the scouring of solid blocks on the seabed. An example is a recent work by Gee et al. [2005] on striations produced by landslides-carried blocks. Finally, lift and drag parameters should be more closely explored in a large-scale model and by taking into account surface roughness, the interaction of a block with ambient water, and water response to the change in block position and tilting. Despite the uncertainties, we believe that the most important features of outrunner dynamics flow are included in the present treatment.
